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GABAergic basket interneurons form perisomatic synapses, which are essential for regulating neural networks, and their alterations are
linked to various cognitive dysfunction. Maturation of basket synapses in postnatal cortex is activity dependent. In particular, activity-
dependent downregulation of polysialiac acid carried by the neural cell adhesion molecule (NCAM) regulates the timing of their matu-
ration. Whether and how NCAM per se affects GABAergic synapse development is unknown. Using single-cell genetics to knock out
NCAM in individual basket interneurons in mouse cortical slice cultures, at specific developmental time periods, we found that NCAM
loss during perisomatic synapse formation impairs the process of basket cell axonal branching and bouton formation. However, loss of
NCAM once the synapses are already formed did not show any effect. We further show that NCAM120 and NCAM140, but not the
NCAM180 isoform, rescue the phenotype. Finally, we demonstrate that a dominant-negative form of Fyn kinase mimics, whereas a
constitutively active formof Fynkinase rescues, the effects ofNCAMknockdown.Altogether, our data suggest thatNCAM120/NCAM140-
mediated Fyn activation promotes GABAergic synapse maturation in postnatal cortex.
Introduction
GABAergic interneurons form a diverse neuronal population
that regulates andmodulates overall network connectivity and
activity (Somogyi et al., 1998; Markram et al., 2004; Somogyi
and Klausberger, 2005; Kullmann, 2011). Fast-spiking,
parvalbumin-positive basket cells constitute up to 50% of
GABAergic interneurons in rodent cortex. In mature cortex, a
single basket interneuron innervates hundreds of pyramidal
neurons (Somogyi et al., 1998; Holmgren et al., 2003). At each
postsynaptic target, a basket cell axon extends multiple termi-
nals with large boutons clustered around pyramidal cell soma
and proximal dendrites, forming the characteristic periso-
matic synapses (Tama´s et al., 1997). The mechanisms regulat-
ing the formation of basket cell synapses are still not well
understood.
The neural cell adhesion molecule (NCAM) and its polysialy-
lated form (PSA-NCAM) have been implicated in several devel-
opmental process, including synapse maturation and stability at
glutamatergic synapses and at the neuromuscular junction (Cremer
et al., 1994, 1998; Rafuse and Landmesser, 1996; Rafuse et al.,
2000). Recently, it has been shown that polysialic acid (PSA) acts
as an activity-dependent signal to inhibit the formation of inhib-
itory synapses and the onset of ocular dominance plasticity in the
developing visual cortex (Di Cristo et al., 2007). In addition to
homophilic NCAM binding, PSA modulates multiple cell adhe-
sion and signaling receptors, including cadherins, integrins
(Fujimoto et al., 2001), FGF receptors (Dityatev et al., 2004;
Ponimaskin et al., 2008; Chernyshova et al., 2011), and TrkB
receptors (Muller et al., 2000; Kleene et al., 2010). Therefore, it is
unknown whether, after the natural removal of PSA from
NCAM, NCAM per se could continue to regulate GABAergic
synapsematuration. Furthermore, NCAMexists in three alterna-
tively spliced isoforms (Cunningham et al., 1987; Barbas et al.,
1988): the 140 and 180 isoforms have intracellular domains dif-
fering only by a 267 aa insert in the 180 isoform, whereas the 120
isoform is glycosylphosphatidylinositol (GPI) linked and lacks an
intracellular domain. Different NCAM isoforms play different
roles in specific developmental processes (Polo-Parada et al.,
2004; Hata et al., 2007). In addition, NCAM induces the activa-
tion of a number of intracellular signaling cascades (Maness and
Schachner, 2007; Ditlevsen et al., 2008). It is so far unknown
whether there is an isoform-specific effect onGABAergic synapse
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formation and, if so, what would be the signaling pathway in-
volved in NCAM-mediated regulation of GABAergic synapses.
Using a single-cell genetic approach in organotypic cortical
slices, we deleted NCAM in single basket interneurons at differ-
ent developmental phases and studied its effect on perisomatic
GABAergic innervation. We show that NCAM removal during
basket cell maturation causes not only a significant decrease in
perisomatic innervation around single pyramidal cell targets but
also a significant reduction in the number of targeted postsynap-
tic pyramidal cells. In contrast, deletion of NCAM after basket
synapse maturation does not affect basket cell innervation. Fur-
thermore, we show that the NCAM120 and NCAM140, but not
NCAM180, isoforms can rescue the deficits in perisomatic inner-
vation caused by NCAM deletion and that they act through the
downstream Fyn kinase signaling pathway to ensure appropriate
maturation of basket cell perisomatic synapses.
Materials andMethods
NCAMlox/lox transgenic mouse and DNA constructs. The NCAMlox/lox
transgenicmouse, wherein the fifth exon of theNCAMgene is flanked by
two loxP sites, has been described previously (Bukalo et al., 2004). Dur-
ing biolistic transfection of organotypic slices from NCAMlox/lox mice of
either sex, using the specific PG67 promoter driving Cre recombinase
(Chattopadhyaya et al., 2007), the fifth exon was excised, resulting in
knockdown of NCAM exclusively in GABAergic basket neurons.
All the monomeric red fluorescent protein (mRFP)-tagged NCAM120,
NCAM140, and NCAM180 isoforms (generously provided by Drs. K. Hata
and L. Landmesser, CaseWestern Reserve University, Cleveland, OH; Hata
et al., 2007) andFyndominant-negative (DN)andconstitutively active (CA)
forms (generously provided byDr. P.Maness, University of North Carolina
School ofMedicine,ChapelHill,NC;Beggs et al., 1997)were cloned into the
original PG67–GFPvector construct. PG67–GFPwas generatedby subcloning
of a 10 kb region of Gad1 gene promoter by gap repair in front of the GFP
coding region in pEGFP (Clontech) as described previously (Chattopad-
hyaya et al., 2004). The EGFP coding region was substituted with DNA
fragment containing mRFP–NCAM120, mRFP–NCAM140, or mRFP–
NCAM180 or with Fyn DN or CA cDNA, respectively.
Slice culture and biolistic transfection. Slice culture preparation was
essentially as described previously (Stoppini et al., 1991). Postnatal day 3
(P3) to P5 mice were decapitated, and brains were rapidly removed and
immersed in culture medium (containing DMEM, 20% horse serum, 1
mM glutamine, 13 mM glucose, 1 mM CaCl2, 2 mM MgSO4, 0.5 m/ml
insulin, 30 mMHEPES, 5 mMNaHCO3, and 0.001% ascorbic acid). Cor-
onal brain slices, 400mthick,were cutwith a chopper (Stoelting). Slices
were then placed on transparent Millicell membrane inserts (Millipore),
usually two to three slices per insert, in 30 mm Petri dishes containing
750 l of culture medium. Finally, they were incubated in a humidified
incubator at 34°Cwith a 5%CO2-enriched atmosphere, and themedium
was changed three times per week. All procedures were performed under
sterile conditions.
Constructs to be transfected were incorporated into “bullets” that are
made using 1.6 m gold particles coated with 25–30 g of each of the
plasmids of interest. These bullets were used to biolistically transfect
slices by gene gun (Bio-Rad) at high pressure (180), and the transfected
slices were incubated for 8 d at the time period of interest, under the same
conditions as described above, before imaging.
Depending on the experiments, one to four constructs were coprecipi-
tated onto gold particles. When a gold particle coated with multiple
constructs enters the neuron, all the constructs are coexpressed within
the same cell because they are all driven by PG67 promoter. For control
cells, slices were labeled simply with PG67–GFP bullets, whereas for the
NCAMknockdown cells, slices were transfected with double bullets con-
taining PG67–GFP and PG67–Cre or PG67–GFP–IRES–Cre. For the rescue
experiments, triple-coated bullets containing PG67–GFP/Cre and one of
PG67–mRFP–NCAM120, PG67–mRFP–NCAM140, or PG67–mRFP–
NCAM180 were used. To study the role of Fyn kinase in NCAM-
mediated modulation of basket cell synapse formation, we used three
types of bullets: (1) bullets coated with PG67–GFP and PG67–FynDN;
(2) bullets coated with PG67–GFP/CRE and PG67–FynCA; and (3)
bullets coated with PG67–GFP/CRE, PG67–mRFP–NCAM120, and
PG67–FynDN.
Immunohistochemistry, image acquisition, and analyses. Slices were
fixed, freeze thawed, and immunostained as described previously
(Chattopadhyaya et al., 2004). We used anti-NeuN, a monoclonal anti-
body that specifically labels neuronal nuclei (1:400; Millipore Bioscience
Research Reagents), followed by incubation with either Alexa Fluor 555-
conjugated or Alexa Fluor 633-conjugated goat IgG (1:400; Invitrogen).
All experiments were repeated at least three times. For each set of data,
between 60 and 90 pyramidal innervated cell somata from at least six to
nine basket cells were chosen for analysis. Analyzed basket cells were
from at least four different animals, for each experimental group.
Non-overlapping fields of axonal innervation from well-isolated bas-
ket interneurons were acquiredwith a 63 glycerol-immersion objective
(numerical aperture 1.4; Leica) using a confocalmicroscope (LEICATCS
SPE) (for example stacks, see videos of Chattopadhyaya et al., 2004, their
SupplementalData).Z-stackswere acquiredwith 1msteps of at least 30
m along the z-axis, exported as TIFF files, and analyzed with Neurolu-
cida software (MicroBrightField). Green and red channels were sepa-
rated, and basket axons and boutons were traced in three-dimensions in
the green channel, which were then superimposed on the red channel
containing images of pyramidal cell soma (identified by NeuN immuno-
fluorescence). Care was taken to analyze only those pyramidal cell so-
mata that were complete and well isolated. The following parameters
were analyzed for each basket cell: (1) perisomatic bouton density; (2)
axonal terminal branching around contacted somata; and (3) percentage
of pyramidal somata contacted by basket cells. In our three-dimensional
Sholl analysis, Sholl spheres with a 1 m increment from the center of a
pyramidal somawere used to quantify basket axon terminal branch com-
plexity and bouton density around the pyramidal cell soma. Axon branch
complexity around a single pyramidal cell soma was quantified as the
average number of intersections between basket cell axons and the Sholl
spheres in the first 9 m from the center of the pyramidal cell soma. We
choose 9 m as the limiting radius for a Sholl sphere because it approx-
imates the average pyramidal cell soma radius measured from pyramidal
neurons immunostained with NeuN antibody. Bouton density around
each pyramidal cell soma was measured within the same set of Sholl
spheres and averaged among pyramidal neurons for each condition.
Only pyramidal cell somata with Sholl spheres, which intersect basket
axons in the first 9 m from the center of their soma, were taken for
analysis. Between 10 and 15 pyramidal neurons located not more than
200 m from the soma were analyzed for each basket cell. By using this
method,we obtained anunbiased estimate of the number of presumptive
boutons within a given distance of a labeled pyramidal cells soma (NeuN
profiles), becausewe did notmanually chose the boutons that contact the
target. However, the functional status of these structures was not tested.
The percentage of pyramidal somata innervated by basket cells was
defined in a confocal stack by the number of somata contacted by the
basket cell axon divided by the total number of observed somata. This
was repeated over all the fields of each basket axon, and the results were
averaged.
Statistical analyses.Differences betweenmultiple groups were assessed
with one-way ANOVA, followed by the Holm–Sidak test for normally
distributed data or the Dunn’s test on ranks for not normally distributed
data. Differences between two groups were assessed with the Student’s t
test for normally distributed data and the Mann–Whitney U test for not
normally distributed data.
Results
NCAM regulates synapse density and axon branching during
basket cell development
Germ-line homozygous deletion of the NCAM gene results in
several developmental defects, including alterations in precursor
migration, mossy fiber organization, and synaptic transmission
and plasticity (Cremer et al., 1994, 1998). Because of the broad
expression of NCAM in the nervous system and the concomitant
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lack of PSA in NCAM null mice, it has been not possible so far to
pinpoint the specific role of NCAM in GABAergic synapse devel-
opment. To examine the role of NCAM in the postnatal matura-
tion of GABAergic inhibitory circuits in visual cortex, we used a
transgenic mouse carrying a conditional allele of NCAM (Bukalo
et al., 2004), which allows cell type and developmental stage re-
stricted knockdown of NCAM synthesis. In this floxed NCAM
mouse (NCAMlox/lox), Cre-mediated recombination results in ex-
cision of exon 5, causing a shift in reading frame and termination
of translation (Fig 1A).
To inhibit NCAM expression in basket interneurons and si-
multaneously label their axons and synapses, we used a previ-
ously characterized promoter region (PG67; Chattopadhyaya et
al., 2004) to express either Cre recombinase together with GFP
(PG67–GFP/Cre) or GFP alone in parvalbumin-positive basket
interneurons in organotypic cultures from the visual cortex of
NCAMlox/lox mice (Fig 1A). Previous studies have shown that the
basic features ofmaturation of perisomatic innervation by basket
interneurons onto pyramidal cells are retained in visual cortical
organotypic cultures (Chattopadhyaya et al., 2004; Di Cristo et
al., 2004). In organotypic cultures, basket interneurons start out
with very sparse and simple axons, which develop into complex,
highly branched arbors in the subsequent 4 weeks with a time
course similar to that observed in vivo (Chattopadhyaya et al.,
2004). We focused our study in the third and fourth week during
which a significant and stereotyped maturation of perisomatic
innervation occurs (Chattopadhyaya et al., 2004, 2007; Di Cristo
et al., 2007). Furthermore, PSA expression is strongly reduced
within the first 2 postnatal weeks in visual cortex (Di Cristo et
al., 2007; Be´langer and Di Cristo, 2011); thus, inducing Cre-
mediated recombination after this time point allows us to
study the specific role of NCAM per se in GABAergic synapse
maturation.
After NCAM deletion in single basket cells, we quantified two
aspects of basket cell axon innervation: (1) the extent of periso-
matic innervation around single somata (terminal branching and
perisomatic synapse density); and (2) perisomatic innervation in
the network (the fraction of innervated somata).We showed pre-
viously that the vast majority of GFP-labeled boutons in our
experimental condition most likely represent presynaptic termi-
nals (Chattopadhyaya et al., 2004, 2007; Wu et al., 2012). Using
the analyses described inMaterials andMethods, we obtained an
unbiased estimate of the number of presumptive boutons on
individual labeled pyramidal cell soma.
In age-matched basket cells from NCAMlox/lox cultures trans-
fected with PG67–GFP/Cre (referred to here on as NCAM
/
cells) from equivalent postnatal day 16 (EP16; P4 12 d in vitro)
to EP24, the shape and gross branching pattern of axon arbors
appeared similar to that of control cells (Fig 1B1,C1). Further-
more, NCAM/ basket cell axons appeared thinner, bore fewer
boutons around pyramidal cell somata (Fig 1, NeuN profiles, in
red), and showed reduced number of terminal branches through-
out the innervation field (Fig 1B2,C2,D,F; boutons/soma 
SEM, 9.1  0.8 for control vs 5.8  0.2 for NCAM/ cells;
Mann–Whitney U test, p 0.01). In addition, when comparing
the fraction of innervated cells over the total number of potential
targets in a confocal stack, we found a significant reduction of the
percentage of innervated cells from each NCAM/ basket cell
compared with controls (Fig. 1E; percentage of innervation 
SEM, 50.2  0.4% for NCAM/ and 74  2% for controls;
Mann–WhitneyU test, p 0.01). Together, these results suggest
that NCAM per se regulates the number of potential targets con-
tacted by a basket cell and the extent of perisomatic innervation
established onto each contacted cell, during the maturation of
GABAergic circuits (Fig 1G,H).
NCAM120 and NCAM140 isoforms rescue perisomatic
synapse maturation inNCAM/ basket cells
NCAM exists in three major alternatively spliced isoforms: the
140 and 180 isoforms have intracellular domains differing only
by a 267 aa insert in the 180 isoform, whereas the 120 isoform is
GPI linked and lacks an intracellular domain (Cunningham et al.,
1987; Barbas et al., 1988). To explore whether different NCAM
isoforms play different roles in basket cell synapsematuration, we
inactivated the endogenous NCAM alleles and simultaneously
reintroduced each mRFP-tagged NCAM isoform separately in
single basket cells from EP16 to EP24. All three PG67–mRFP–
NCAM isoforms were expressed to comparable levels in basket
cells.
Surprisingly, both NCAM140 and NCAM120 were able to
significantly rescue the deficits in perisomatic innervation caused
by NCAM deletion in single basket cells. NCAM/ basket cells
expressing either mRFP–NCAM140 or mRFP–NCAM120
formed perisomatic innervations characterized by multiple ter-
minal axon branches and clustered boutons that were indistin-
guishable from age-matched controls cells (compare Fig. 2A2,B2
with 1B2) andwere significantly different fromNCAM/ basket
cells (Fig. 2D,F; boutons/soma SEM, 8.7 0.7 for NCAM120
and 7.6  0.8 for NCAM140 vs 5.8  0.2 for NCAM/ basket
cells; one-way ANOVA, p  0.05). Similarly, NCAM/ basket
cells expressing either mRFP–NCAM140 or mRFP–NCAM120
contacted a percentage of pyramidal cell somata in each confocal
stack comparable with control cells (Fig. 2E; 70 2 and 59 7%,
respectively, for NCAM120- and NCAM140-expressing
NCAM/ cells vs 74 2% for NCAM control basket cells; one-
way ANOVA, p  0.05). Overall, the rescue phenotype in
NCAM/ cells via NCAM120 expression was very consistent,
whereas NCAM140 expression showed slightly more variability
in its rescue effects. Interestingly, perisomatic bouton density
(Fig. 2D; boutons/soma  SEM, 5.3  0.2), terminal branch
complexity (Fig. 2F ), and the percentage of innervated somata
(Fig. 2E; 38  3%; one-way ANOVA, p  0.05) were not
significantly different between mRFP–NCAM180-expressing
NCAM/ basket cells and NCAM/ basket cells (one-way
ANOVA, p  0.05). Altogether, these data demonstrate that
NCAM120 and NCAM140, but not the NCAM180 isoform,
are potentially able to promote the maturation of GABAergic
basket cell innervation.
Fyn kinase signaling mediates the effect of NCAM120 and
NCAM140 isoforms on perisomatic synapse maturation
The ability of NCAM120 to rescue perisomatic GABAergic syn-
apse maturation was unexpected, because NCAM120 lacks an
intracellular domain and its signaling pathway is not well known.
Recent data suggest that NCAM140 andNCAM180 differ in their
ability to activate the Fyn–FAK kinase pathway (Niethammer et
al., 2002), with NCAM140 being the most effective. In parallel,
NCAM120 has been shown to be tightly associated with Fyn ki-
nase in lipid rafts (Kra¨mer et al., 1999). Therefore, we hypothe-
sized that Fyn kinase pathway acts downstream toNCAM140 and
NCAM120 and that its activation is necessary and sufficient for
basket cell axon branching and bouton formation. To test this
hypothesis, we used two experimental strategies: we transfected
cultures fromNCAMlox/loxmice fromEP16 to EP24with (1) aDN
form of Fyn (PG67–FynDN) (Bodrikov et al., 2005) together with
GFP or (2) with a CA formof Fyn (PG67–FynCA) (Bodrikov et al.,
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Figure1. NCAM-deficientbasket interneuronsshowreducedperisomatic innervationnumberandcomplexity.A, Exon5of theNCAMgenewasflankedwith loxPsites tocreateaconditionalNCAMloxallele.
Cortical organotypic cultureswere transfectedwith biolisticswith PG67–GFP–IRES–Cre to generateNCAM-null (NCAM
/) or PG67–GFP control (Ctrl) basket cells.B1, A control basket neuron (green) among
otherNeuN immunostainedneurons (red).B2, Higher-magnification imageof the control basket cell shows characteristic exuberant branching (asterisk) andnumerous boutons (arrowheads) on thepostsyn-
aptic somata.C1, Conversely, anNCAM/basketneuronhasamarkedly simpleaxon (C2),making fewer synapses (arrowheads) onto thepostsynaptic somata. Scalebars:B1,C1, 30m;B2,C2, 10m.D,
E, F, Significant decrease in boutondensity (D), innervation percentage (E), and complexity of terminal branching (F )was found forNCAM/ basket neurons comparedwith control cells (Mann–WhitneyU
test,*p0.01).n7controlbasketcells;n11NCAM/basketneurons.Errorbars representtheaverageSEM.G,H,SchematicdiagramshowingthatNCAMknockdowninbasketneuronssignificantly
affects the total number of somata it innervates at the network level (G) and reduces the number of contacts at the level of individual postsynaptic targets (H ). Py, Pyramidal.
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2005) together with Cre/GFP.We reasoned that reducing endog-
enous levels of Fyn activity should mimic the effect NCAM dele-
tion in wild-type basket cells, whereas a CA form of Fyn should
rescue the effects of NCAM deletion in NCAM/ basket cells.
Consistent with our hypothesis, wild-type basket cells transfected
with FynDN from EP16 to EP24 contacted less pyramidal cells,
showed reduced axon branching, and formed a lower number of
boutons around pyramidal somata comparedwith control basket
cells, whereas theywere indistinguishable fromNCAM/ basket
cells (Fig. 3A,D–F; boutons/soma SEM, 5.9 0.2 for FynDN-
expressing basket cells vs 9.1 0.8 and 5.8 0.2 for controls and
NCAM/ basket cells, respectively; percentage of innervation
SEM, 50  3% for FynDN-expressing cells vs 74  2 and
50.2  0.4% for controls and NCAM/ basket cells, respec-
tively). Conversely, FynCA overexpression was sufficient to
rescue the bouton density around each innervated soma and the
percentage of somata innervated byNCAM/ basket cell inner-
vation to control levels (Fig. 3B,D,E; boutons/soma  SEM,
9.1 0.2 for FynCA-expressing NCAM/ basket cells vs 9.1
0.8 for control basket cells; percentage of innervation  SEM,
Figure2. CoexpressionofNCAM120andNCAM140butnot theNCAM180 isoformrescueperisomatic innervationdeficits inNCAM/basket cells.A,B,NCAM/basket cells cotransfectedwith
NCAM120 (A1,A2) or NCAM140 (B1,B2) isoform show the characteristic terminal branching (asterisk) andnumerous contacts (arrowheads) onto postsynaptic NeuN immunolabeled (blue) somata.
C1, C2, However, NCAM/ basket neurons cotransfected with NCAM180 exhibit simple axons with few synaptic contacts onto their postsynaptic targets. Scale bars: A1, B1, C1, 20m; A2, B2,
C2, 10m.D–F, Quantitativemorphological analysis shows thatNCAM/ basket neurons cotransfectedwith either NCAM120 or NCAM140 isoform have bouton density (D), innervation density
(E), and terminal branching (F ) comparable with controls (one-way ANOVA, post hoc Dunn’s test, p 0.05) and significantly different from NCAM/ basket neurons (one-way ANOVA, post hoc
Dunn’s test, *p 0.01). Conversely, NCAM/ basket neurons cotransfected with NCAM180 isoform show no difference compared with NCAM/ basket cell in any of the parameters analyzed
(one-way ANOVA, post hocDunn’s test, p 0.05). n 7NCAM/NCAM180 basket cells; n 9NCAM/NCAM140 basket cells; n 7NCAM/NCAM120 basket cells. Ctrl, Control;
Py, pyramidal.
Chattopadhyaya et al. • NCAM Promotes GABAergic Synapse Development J. Neurosci., April 3, 2013 • 33(14):5957–5968 • 5961
74  3% for FynDN-expressing cells vs 74  2 for controls).
However, the axon of NCAM/ basket cells expressing FynCA
formed less terminal branching around innervated somata com-
pared with controls (Fig. 3F) and harbored dense boutons that
appeared notably more variable in shape and size. It is possible
that theCA formof Fyn kinasemight not be subjected to the same
tight temporal and spatial regulation as endogenous Fyn activity,
resulting in premature stabilization of contacts between the axon
and the postsynaptic cell, whichmay impair the growth of termi-
nal axon branching and result in an excess formation of boutons.
Alternatively, NCAM may be needed for the local activation of
other signaling molecules in addition to Fyn kinase, which could
in turn promote terminal branching formation.
Finally, if Fyn kinase activation acts downstream to
NCAM120 in regulating the development of basket cell innerva-
tion, then coexpressing FynDN and NCAM120 in the same
Figure 3. Fyn kinase activity mediates the effect of NCAM on perisomatic synapse maturation. A1, A2, Transfection of FynDN in wild-type basket cells from EP16 to EP24 causes deficits in
perisomatic axon branching and synaptic contacts (A2, arrowheads) similar to what is observed in NCAM/ basket cells. B1, B2, NCAM/ basket neurons transfected with FynCA regain the
ability to form complex perisomatic synapses similar to the rescue effects of NCAM120 andNCAM140 isoforms; asterisks indicate terminal branching, and arrowheads indicate perisomatic synapses.
C1, C2, Cotransfection of FynDNwith NCAM120 isoform blocks NCAM120 rescue effects, and innervation remains poor compared with controls. Scale bars: A1, B1, C1, 30m; A2, B2, C2, 10m.
D–F, Bouton density (D), innervation percentage (E), and terminal branching (F ) characteristics are not significantly different betweenNCAM/basket cells, FynDN transfectedNCAM/basket
cells, or NCAM/ basket cells transfected with FynDN NCAM120 (one-way ANOVA, post hoc Dunn’s test, p 0.05). Conversely, bouton density and percentage of innervated targets are
significantly higher in FynCA-expressingNCAM/ basket cells comparedwithNCAM/ basket cells (one-way ANOVA, post hocDunn’s test, *p 0.01). n 6NCAM/ FynDN basket cells;
n 6 NCAM/ FynCA basket cells; n 7 NCAM/ NCAM120 FynDN basket cells. Ctrl, Control; Pyr, pyramidal.
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NCAM/ basket interneuron should block the rescue effects of
NCAM120. To test this hypothesis, we biolistically trans-
fected the constructs PG67–GFP/Cre, PG67–FynDN, and PG67–
NCAM120 in single basket cells. NCAM/ basket cells
cotransfected with both FynDN and NCAM120 were overall in-
distinguishable from NCAM/ basket cells or wild-type basket
cells expressing FynDN alone (Fig. 3C--F). NCAM/ basket
cells cotransfected with both FynDN and NCAM120 showed a
reduction in axon density, perisomatic bouton density, and per-
centage of innervated cells compared withNCAM/ basket cells
expressing NCAM120 alone (compare Fig. 3Cwith 2A; boutons/
soma  SEM, 5.9  0.2 and percentage of innervation  SEM,
48  2% for NCAM/ basket cells expressing both NCAM120
and FynDN vs 8.7  0.7 and 70  2%, respectively, for
NCAM/ basket cells expressing NCAM120 alone). These re-
sults suggest that NCAM-mediated activation of Fyn kinase plays
a major role in the maturation of the innervation field of basket
GABAergic cells in postnatal cortex.
To further investigate the link between different NCAM
isoforms and Fyn signaling, we expressed PG67–FynCA to-
gether with GFP in either presence of endogenous NCAM
levels or inNCAM/ basket cells expressing PG67–NCAM180
alone. NCAM/ basket cells cotransfected with both FynCA
and NCAM180 show normal bouton density and percentage of
innervation compared with control basket cells (Fig. 4A,C,D;
boutons/soma  SEM, 8.2  0.2 for NCAM/ basket cells ex-
pressing both FynCA and NCAM180 vs 9.1  0.8 for control
basket cells; percentage of innervation  SEM, 59  4% for
FynCA/NCAM180-expressing cells vs 74 2% for controls; one-
way ANOVA, p 0.05). However, the axon ofNCAM/ basket
cells expressing FynCA/NCAM180 formed slightly less terminal
branching around innervated somata compared with controls, a
result similar to NCAM/ basket cells expressing only FynCA
(Fig. 4E; one-way ANOVA, p 0.05), whereasNCAM/ basket
cells expressing FynCA (Fig. 4B) orNCAM/ expressing FynCA
andNCAM120 (data not shown) form terminal branching indis-
tinguishable from control cells (Fig. 4E; one-way ANOVA, p 
0.05). Interestingly, NCAM/ basket cells expressing FynCA
form a slightly, but significantly, higher number of perisomatic
boutons around targeted pyramidal cells compared with controls
orNCAM/ basket cells expressing bothNCAM180 and FynCA
(boutons/soma  SEM, 11.7  0.9 for FynCA-expressing
NCAM/ basket cells vs 9.1  0.8 for NCAM/ basket cells
and 8.2 0.2 for NCAM/ basket cells expressing both FynCA
and NCAM180; one-way ANOVA, p  0.05). This is consistent
with the fact that FynCA overexpression can rescue perisomatic
bouton number in NCAM/ cells or NCAM/ expressing
NCAM180, without fully rescuing terminal branching. This
maybe because either (1) overexpression of FynCA prematurely
stabilizes the basket cell perisomatic boutons, influencing termi-
nal axon branching or (2) parallel pathways other than Fyn kinase
that are triggered by NCAM can also promote terminal branch-
ing. Altogether, these data strengthen the conclusion that
NCAM120/NCAM140 but not NCAM180, are needed for the
proper maturation of GABAergic basket cell synaptic field,
through the local activation of Fyn kinase and possibly other
signaling molecules.
NCAM is not necessary for the maintenance of basket cell
perisomatic synapses
To examine whether NCAMwas continuously required tomain-
tain the extensive basket cell axon arbors and perisomatic inner-
vation, we inactivated bothNCAM alleles in basket interneurons
from EP26 to EP32, after the mature innervation pattern had
been established (Chattopadhyaya et al., 2004). NCAM/
showed no differences in overall axon morphology, terminal
axon branching, bouton number around pyramidal cell somata,
and percentage of contacted targets compared with age-matched
controls (Fig. 5A,B,D–F; boutons/soma  SEM, 10.3  0.9 for
NCAM/ vs 10.3  0.5 for control basket cells; one-way
ANOVA, p 0.05).Moreover, overexpression of FynDN inwild-
type basket cells from EP26 to EP32 had no detectable effects on
the overall basket cell innervation compared with controls (Fig.
5C,D--F; boutons/soma  SEM, 10.3  0.4; one-way ANOVA,
p  0.05). Altogether, these data suggest that NCAM-mediated
Fyn activation is not necessary for the structural maintenance of
the basket interneuron perisomatic innervation.
Discussion
The formation of mature GABAergic innervation is established
during an extendedpostnatal period. In particular, the increase of
exuberant local axon branching and perisomatic innervation is
most pronounced between postnatal weeks 3 and 4, concurrent
with the maturation of functional GABAergic inhibition
(Morales et al., 2002; Chattopadhyaya et al., 2004). Here we show
that NCAM expression in a single GABAergic basket cell is nec-
essary for the maturation of its innervation. Moreover, we show
that NCAM140 and NCAM120, but not NCAM180, canmediate
this effect, partly through Fyn kinase activation.
NCAM regulates the maturation but not the maintenance of
perisomatic GABAergic innervation formed by individual
basket cells
Studying the effect of NCAM is complicated by themultiple roles
it plays during different stages of development (Doherty et al.,
1990a,b; Bronner-Fraser et al., 1992), (Rafuse et al., 2000; Polo-
Parada et al., 2004), (Dityatev et al., 2004; Sytnyk et al., 2006;
Puchkov et al., 2011). Mice with constitutive disruption of the
NCAMgene show severalmorphological and functional changes,
including reduction in the size of the olfactory bulb, disrupted
lamination in CA3 region of the hippocampus, impaired spatial
memory and learning, and increased aggressive behavior
(Cremer et al., 1994, 1998; Stork et al., 1997, 1999). Another level
of complexity is added by the fact that NCAM is the main carrier
of PSA. In fact, transgenic mice unable to synthetize PSA show a
more drastic phenotype than NCAM knock-out mice, likely be-
cause of a gain of NCAM function at the wrong developmental
stages (Weinhold et al., 2005; Hildebrandt et al., 2007, 2010). By
using the Cre–loxP recombination system to generate single, iso-
lated basket cells in which NCAM is ablated, we could dissect out
the role of NCAM in the maturation of perisomatic GABAergic
innervation from other developmental effects. In addition, we
could restrict genetic deletion to specific stages of GABAergic cell
axon and synapse development, when PSA expression is already
reduced (Di Cristo et al., 2007), thereby circumventing any ear-
lier developmental consequence of NCAM knock-out and PSA
reduction.We found that NCAMdeletion impairs drastically the
increase in their perisomatic synapse density and terminal
branching observed between EP16 and EP24. It remains to be
determined whether wild-type basket cells innervating the same
pyramidal cells as the NCAM/ ones form more synapses
around each target, resulting in overall unchanged perisomatic
synapse density.
An open question is whether NCAM is involved in the initial
formation of synaptic connectivity or whether it plays a role
mainly in the subsequent steps of synapse proliferation, mainte-
Chattopadhyaya et al. • NCAM Promotes GABAergic Synapse Development J. Neurosci., April 3, 2013 • 33(14):5957–5968 • 5963
nance, and plasticity. In mice lacking NCAM, neuromuscular
junctions form but display characteristics of an immature junc-
tion (Rafuse et al., 2000; Polo-Parada et al., 2001), supporting a
critical role for NCAM in the organization andmaturation of the
presynaptic site. In addition, NCAM and its polysialylated form
regulate the ability of the postsynaptic density to undergo remod-
eling in the CNS (Muller et al., 2010). Our data show that NCAM
deletion during the phase of perisomatic GABAergic synaptic
maturation drastically impairs this process, whereas NCAM
knock-out at a later stage, when perisomatic synapses have
Figure 4. Coexpression of NCAM180 with the CA form of Fyn kinase rescues perisomatic synapse formation to the same extent as the CA Fyn kinase alone. A, B, NCAM/ basket cells
cotransfected with FynCA (A1, A2) form richer terminal branching compared with NCAM/ basket cells cotransfected with FynCA and NCAM180 isoform (B1, B2) around postsynaptic NeuN
immunolabeled (blue) somata (arrowheads indicate examples of perisomatic innervation formed by the basket cell). Scale bars: A1, B1, 20 m; A2, B2, 10 m. C–E, Bouton density (C) and
innervation percentage (D) are not significantly different between NCAM/ basket cells coexpressing FynCA NCAM180 and control basket cells (one-way ANOVA, post hoc Dunn’s test, *p
0.05),whereas terminal branching (E) is significantly reduced (one-wayANOVA, *p0.05). Boutondensity is slightly higher inNCAM/basket cells expressing FynCA comparedwith control cells
(one-way ANOVA, *p 0.05). n 9 control basket cells; n 5 NCAM/ FynCA basket cells; n 5 NCAM/ FynCA NCAM180 basket cells. Ctrl, Control; Pyr, pyramidal.
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reached their mature morphology, does not seem to have an
effect. One possibility is that NCAM at the mature synapse is
more stable, maybe as part of a complex with other synaptic
proteins. If this was the case, waiting 8 d after knocking out the
NCAMgenemay not be long enough to see a reduction ofNCAM
protein levels at the synapse. However, transfection of a DN form
of Fyn kinase, which should reduce Fyn activity as soon as it is
expressed, impairs NCAM-mediated perisomatic GABAergic
synapse maturation but not their maintenance, therefore sup-
porting the conclusion that NCAM plays a specific role during
GABAergic synapse proliferation. However, we cannot at this
stage exclude that NCAM reduction at later stages might affect
different aspects of GABAergic physiology and plasticity.
NCAM120 and NCAM140, but not NCAM180, overexpression
rescues the effect of NCAM deficit via Fyn kinase activation
In the CNS, NCAM140 is localized to migratory growth cones
and axon shafts of developing neurons, whereas NCAM180 is
predominantly expressed in neurons late in development and is
enriched in the postsynaptic densities of mature neurons
Figure5. NCAM is not required for themaintenance of perisomatic basket cell synapses. A1–C2, Control (A1, A2),NCAM/ (B1,B2), andNCAM/ (C1,C2) basket cells transfectedwith
FynDN from EP26 to EP32 show similar exuberant branching (A2, B2, C2; asterisk) and perisomatic synapses (A2, B2, C2; arrowheads). Scale bars: A1, B1, C1, 50m; A2, B2, C2, 10m. D–F,
Bouton density (D), innervation percentage (E), and terminal branching complexity (F ) are not significantly different between the three groups (one-way ANOVA, post hoc Dunn’s test, p 0.05).
n 7 control basket cells; n 8 NCAM/ basket neurons; n 6 NCAM/ FynDN basket cells. Ctrl, Control; Pyr, pyramidal.
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(Persohn et al., 1989). NCAM120 was originally thought to be
expressed mainly in glia (Noble et al., 1985), but it was later
shown to be enriched in lipid rafts extracted from growth cones
from the postnatal brain (He andMeiri, 2002) and from isolated
forebrain synaptosomes (Korshunova et al., 2007).
Here, we showed that NCAM140 and NCAM120, but not the
NCAM180 isoform, are able to rescue NCAM gene deletion. The
ability of NCAM120 to rescue perisomatic GABAergic synapse
maturation was an unexpected result, because NCAM120 lacks
an intracellular domain and both its downstream signaling path-
way and role in neurons are less known. Our results suggest that
NCAM120 effects are mediated by Fyn activity, because coex-
pression of NCAM120 and a DN form of Fyn blocks the rescue
effects of NCAM120 on perisomatic GABAergic synapse forma-
tion in NCAM/ basket cells (Fig. 4).
It has been shown that palmitoylation of the intracellular do-
main of NCAM140 and NCAM180 promotes dynamic redistri-
bution of NCAM to lipid rafts in which they activate distinct
downstream signal transducing proteins (Niethammer et al.,
2002). Although NCAM180 and NCAM140 are localized in
both membrane subcompartments, only lipid-raft-associated
NCAM140 is able to activate the Fyn–FAK kinase pathway
(Niethammer et al., 2002). In contrast to NCAM140 and
NCAM180, NCAM120 is constitutively associated with lipid
rafts, in which it is tightly associated with Fyn kinase (Kra¨mer et
al., 1999). GPI-linked molecules, such as NCAM120 can cause
productive interactions with Fyn kinase by clustering in rafts,
thereby activating ERK1/2 (Kra¨mer et al., 1999; Crossin and
Krushel, 2000). Indeed, it has been proposed that rafts can pro-
mote low-affinity “kiss-and-run” interactions attributable to lo-
cally enriched concentrations of interacting molecules.
Alternatively, activation of intracellular kinases by GPI-anchored
NCAM120 may depend on cis-interactions with transmembrane
molecules (Zeng et al., 1999).
Role of Fyn kinase in GABAergic synapse development
We propose that Fyn activity lies at the center of NCAM regula-
tion of GABAergic synapsematuration because aDN formof Fyn
impairs GABAergic synapse maturation, whereas a CA form pri-
marily rescues the effect of NCAM knockout. NCAM-mediated
Fyn activation may in turn locally regulate other factors that are
important for GABAergic synapse development. For example,
Fyn regulates neurofascin distribution, which in turn localizes
GABAergic innervation by basket cells to the axon initial segment
of Purkinje cells (Ango et al., 2004). Fyn also binds to and phos-
phorylates the 2 subunit of the GABAA receptor, which is
thought to result in rapid recruitment of GABAA receptors to
postsynaptic sites in neurons (Jurd et al., 2010). Furthermore,
during BDNF activation, TrkB receptors are selectively recruited
to lipid raft membranes through a mechanism that involves Fyn
(Pereira and Chao, 2007). Inhibiting TrkB translocation to lipid
rafts, by using either Fyn knock-out neurons or lipid-raft-
disturbing agents, prevents the full activation of TrkB, therefore
affecting the outcome of BDNF signaling. BDNF signaling is well
known to promoteGABAergic synapsematuration (Huang et al.,
1999). Interestingly, TrkB can also directly bind to NCAM and
modulate NCAM-mediated signaling via tyrosine phosphoryla-
tion (Cassens et al., 2010). Finally, NCAM, together with TrkB,
regulates the surface expression of the inwardly rectifying K
channel subunit Kir3.3, which in turn has important roles in the
modulation of membrane potential and excitability of neurons
(Kleene et al., 2010).
Altogether, our data suggest that local NCAM-mediated Fyn
activation may, alone or in concert with other adhesion mole-
cules, ion channels, and neurotrophic factors, start a positive
feedback mechanism to accelerate GABAergic synapse matura-
tion once PSA has been removed by neural activity and sensory
experience.
NCAM implication in neurodevelopmental diseases
A growing body of evidence has implicated NCAM as a suscepti-
ble risk for neuropsychiatric disorders with neurodevelopmental
origin, such as schizophrenia and depressive and anxiety disor-
ders (Brennaman and Maness, 2010). Although these disorders
vary in symptoms, age of onset, treatment, and neuronal systems
affected, they share cognitive dysfunction as a core feature. In
parallel, several studies point to a central and causal role of
GABAergic deficits in the etiology of schizophrenia and depres-
sive disorders (Lewis et al., 2005; Luscher et al., 2011). It is tanta-
lizing to hypothesize that subtle alteration in NCAM signaling
may change the developmental trajectory of GABAergic synapse
maturation, therefore predisposing the individual to the occur-
rence of cognitive dysfunction.
In support of this hypothesis, disease severity and duration
have been correlated with increased levels of a soluble fragment
consisting of the extracellular domain of NCAM in the CSF, pre-
frontal cortex, and hippocampus of individuals with schizophre-
nia (Vawter et al., 2001). Transgenic mice overexpressing the
NCAM extracellular proteolytic cleavage fragment show im-
paired GABAergic innervation and several behavioral alterations
resembling schizophrenia traits (Pillai-Nair et al., 2005; Brennaman
and Maness, 2010). Our study on perisomatic GABAergic syn-
apses demonstrates that specific NCAM isoforms regulate the
process of synapse maturation, which in turn is mediated by Fyn
activation. Future studies will help us understand whether tar-
geted manipulation of the NCAM pathway may help to alleviate
cognitive problems in neurodevelopmental diseases.
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